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SUMMARY 

T .mrH n»r "burning velocity was measured at pressures of 1 atmosphere 
and "below and critical "boundary velocity gradient for flashback at pres- 
sures below 1 atmosphere over a range of compositions for hydrogen-air 
burner flames. Pressure exponents of 0.23 for burning velocity and 1.35 
for flashback velocity gradient were found. In both cases the pressure 
dependence was independent of composition between equivalence ratios of 
about 1 and 2. A more general correlation relating flashback velocity 
gradient, burning velocity, and quenching distance conformed to the 
simple quenching model of Lewis and von Elbe. From this correlation and 
recent thermal equations for flame propagation, a global reaction order 
of 2.2 to 2.3 was calculated. 

A complete laminar stability loop was obtained for one particular 
burner diameter and equivalence ratio. Its shape Is discussed in terms 
of quenching regions, normal laminar regions, and possible regions of 
laminar-turbulent transition. 


INTRODUCTION 

In the past, various relations have been reported among measured 
properties of burner flames. In some cases, It has been possible to re- 
late these empirical correlations to theories of fla m e propagation and 
thus obtain an insight into the mechanism of combustion. This report 
describes a study of certain of these relations for hydrogen-air burner 
flames over a range of pressures and compositions. 

Two combustion parameters, laminar burning velocity and critical 
"lam-i ns. r boundary velocity gradient for flashback, were measured as func- 
tions of composition and pressure. Treatment of data was based on an 
examination of the relation (symbols defined in the section SYMBOIS) 

% = V s 
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which was first proposed as a definition of the penetration distance or 
"dead space" between a burner flame and a cold wall (ref. 1, p. 286). 

It has generally been assumed that this penetration distance is propor- 
tional to the quenching distance: _ 

& = ( l/C ) dq (2) 

and that the value of C depends mainly on the channel geometry. Thus, 
is assumed proportional to U^/d^. On the basis of thermal theories 

of flame propagation, it has been proposed that this “quotient, and hence 
g f , is a function only of a reaction rate within the flame zone. It has 

been suggested (ref. 2, p. 5) that g^ might serve as a direct measure 

of reaction rate. Therefore, it was of interest to examine to what extent 
the relation 

Sf - CU b /d^ (3) 

would hold for the hydrogen-air system. This correlation was studied in 
detail, since the quenching distance for hydrogen and air had been pre- 
viously measured over a range of pressures and compositions (ref. 3). 

Laminar burning velocity was measured at pressures of 1 atmosphere 
and below and critical boundary velocity gradient for flashback, at pres- 
sures below 1 atmosphere over a range of compositions. The flames 
studied were stabilized above long burner tubes whose diameters ranged 
from 0.331 centimeter to 1.459 centimeters. In addition, sufficient 
data on blowoff at reduced pressures were obtained to give a general 
idea of the size and shape of the complete laminar stability loop. 


SYMBOIS 

The following symbols are used in this report: 

l 

2 

A area of flame front, cm 

b measured base of flame, cm 

C coefficient relating penetration distance to quenching distance 

d burner diameter, cm 

dq quenching distance, cm 

E activation energy, kcal/mole 
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g critical boundary velocity gradient, sec - - 1 - 

h height measured on flame front, cm 

l distance across flame front, cm 

M magnification factor 

m reaction order 

3 

Ij n pressure exponent 

P ambient pressure, cm Hg 

R gas constant, cal/(mole) (°K) 

r,r' coefficients which account for temperature dependence of trans- 

port properties in active flame and quenched flame, respectively 

T absolute temperature, °K 

U average velocity, cm/sec 

V volume flow rate, cm 3 /sec 

8 penetration distance, cm 

$ equivalence ratio, fuel-air ratio divided by fuel-air ratio for 

stoichiometric mixture 

Subscripts : 

b burning 

f flashback 

l linear 

n normal flame conditions 

q quenching, quenched- flame conditions 

u burning velocity 

0 initial conditions 

Superscript: 

determined at reference conditions of critical— flow orifice cali- 
bration (about 1 atm pressure) 


o 
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APPARATUS 

A sketch, of the combustion system is shown in figure 1. The com- 
bustion chamber was cylindrical and water jacketed around its lateral 
surface. It had an outside diameter of 12 inches andT a height of 24 

inches. Two opposing rectangular windows 3i inches by 12 inches were 

2 

cut in the sides and fitted with glass windows, which were held in place 
by screws and rubber gaskets . The combustion chamber led through a con- 
necting arm fitted with baffles into a plenum chamber. The plenum was 
connected to a vacuum pump, which served as a general exhaust. The 
pressure within the system could be adjusted by a manual air bleed and 
was read from a manometer connected to a pressure tap. Cooling water 
was exhausted into the plenum in the form of a spray or curtain. This 
water curtain was designed to cool exhaust gases and prevent combustion 
arising in the combustion chamber from propagating into the plenum. The 
plenum itself could be periodically drained. 

The burner had a length of about 50 inches and a nominal diameter 
of 3/4 inch. It was fitted with tubular inserts about 5/8, 3/8, l/4, 
and l/8 inch in diameter and was water jacketed. The burner was fitted 
into a round opening in the bottom of the combustion chamber by a pres- 
sure seal. 

Incoming fuel and air were metered separately through calibrated 
critical flow orifices and then mixed and ignited at the burner port by 
a retractable spark igniter. This ignition source was effective down 
to pressures of about 0.1 atmosphere. Sintered bronze flame arresters 
(ref. 4) were used to prevent flashed-back flames (or flames which had 
flashed back) from propagating upstream. Fuel flow was monitored by a 
manually set differential thermal switch which was activated by a thermo- 
couple placed above the flame. If the temperature of the thermocouple 
fell below a set value, because of loss of flame, fuel was automatically 
cut off and the system was purged with nitrogen. These devices were in- 
stalled to prevent accumulation of unbumed fuel in the combustion and 
plenum chambers. For purposes of ignition, the differential thermal 
switch contained a manual override. 

Tank hydrogen (98 to 99 percent Hg) and tank compressed air (water 
pumped) were used without further purification. 


EROCEDURB 

Stability Limit Measurement 

The procedure used for determining blowoff and flashback limits 
was essentially that reported in reference 5. A stable flame was 
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established; then the pressure was slowly varied, at constant mass flow, 
until the flame was lost. This procedure was carried out at constant 
initial reactant temperature. 

The average stream velocity at which flame loss occurred was obtained 
as a function of the ambient pressure, the burner diameter, and the nomi- 
nal volume flow rate for 1 atmosphere pressure by the expression 


U 


f 


4V° Pf 
Jtd2 P 


( 4 ) 


The quantity V° was obtained from the calibration curve of the critical- 
flow orifices used. Tie reference temperature and pressure for calibra- 
tion were chosen so that day-to-day fluctuations in temperature and 
barometric pressure caused negligible fluctuations in V°. For ambient 
pressures of less than 20 centimeters of mercury, the barometric pres- 
sure was corrected to 0° C. At higher pressures, this correction was 
insignificant . 


Flames were sufficiently luminous to be visible in a darkened rocm, 
although they appeared extremely faint below 0.2 atmosphere. In most 
cases, blowoff could be detected visually with reasonable sharpness. In 
the case of particularly faint flames, blowoff could be detected because 
the thermocouple of figure 1 ceased to glow rather suddenly after the 
flame was lost. Thus, blowoff was measured down to 0.05 atmosphere. 


It was observed that flashback was sharp and vigorous at higher 
pressures but became less well defined at lower pressures. In these re- 
gions intermediate stages of "tilted" flames were observed as the pres- 
sure was slowly increased. Observations of this sort are reported in 
reference 6. Because of the existence of a narrow pressure range yield- 
ing tilted or partially flashed-back flames, it was necessary to estab- 
lish a criterion for the pressure at which a flame flashed back. This 
was taken to be that pressure at which a stable flame could not be main- 
tained above the burner port. By this criterion, partially flashed-back 
flames were considered as completely flashed back. The pressure range 
of partial flashback was extremely narrow, and an uncertainty of only a 
few millimeters of mercury was introduced by this procedure. 


Measurements were made with burners having diameters of 1.459, 
1.016, and 0.546 centimeter. 


Burning Velocity Measurement 

Schlieren photographs were taken of laminar Bunsen flames at about 
unit magnification. A high-pressure mercury arc was used to give an 
exposure of about 5 microseconds . 
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The operating procedure was as follows: By manual adjustment of 

the pumping rate and the rate of air intake through the bleed, the pres- 
sure within the combustion chamber was set at a desired constant value. 
The pressure was known to about ±0.2 centimeter of mercury. Flames 
were established above the burner port and photographed; composition was 
varied while pressure was held constant and total mass-flow rate was 
changed only slightly. Measurements were made at pressure levels of 74, 
46, 29, and 16 centimeters of mercury. Corresponding burner diameters 
were 0.331, 0.546, 1.016, and 1.459 centimeters. Thus, burner size was, 
roughly, inversely proportional to the pressure (ref. 5). Corresponding 
Reynolds numbers were about 1400, 2100, 1200, and 850 and were, in all 
cases, an order of magnitude greater than the Reynolds number for a 
nearly quenched flame. In this way, cooling of the flame by the tube 
wall was avoided (ref. 7). In addition, conditions were adjusted so 
that the flames studied were far removed from the blowoff limit; thus 
there was no appearance of lifted flames at low pressures. A few meas- 
urements were made at 1 atmosphere with a 0.546- centime ter burner. Re- 
sults were not significantly different from those obtained with a 0.331- 
centimeter burner. An over- all composition range of 27 to 64 percent 
hydrogen was covered, but the total spread was not obtained at all 
pressures. 

Burning velocity was obtained by the relation 


II V ° P ° 
U h = “a" "p" 


( 5 ) 


The total area was calculated from measurements on the photographs by 
the approximation 


A = 


it 


( 


. f 


* / 2 


M 2 


( 6 ) 


The symbols used in equation (6) may be clarified by referring to the 
following sketch: 
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The approximation attempts to correct for the departure of the flame 
from the shape of a cone in a simple fashion. The relative magnitudes 
of hp and h 2 were chosen according to the size and shape of the 

flame. In many cases the curvature of the flame side was small enough 
that the simple approximation of a perfect cone gave results within 5 
percent of these obtained by equation (6) . In no case was the difference 
greater than 12 percent. 


RESULTS AND DISCUSSION 

Table I shows the critical flashback velocity and boundary velocity 
gradient as a function of ambient pressure, burner diameter, and equiva- 
lence ratio. Roughly, for a Bingle equivalence ratio, the data for 
flashback velocity yield a family of parallel lines, one for each burner. 
An example is shown in figure 2. However, a more satisfactory correla- 
tion is obtained if the critical boundary velocity gradient is plotted 
against pressure. Eor fully developed Poiseuille flow, this is defined 
by the relation 


Sf = 8U z /d (7) 

As shown in figure 3, the correlation of gf with ambient pressure is 

independent of burner diamter over an intermediate range of flow condi- 
tions. The correlation is best between § = 1.30 and § = 1.80 and 
is less satisfactory at the extremes of composition. Above a Reynolds 
number of about 1500, it fails completely. The pressure for flashback 
remains constant with increasing critical boundary velocity gradient 
and becomes a function of burner diameter. 
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The data shown in figures 2 and 3 are not exhaustive. However, 
they are sufficiently complete to permit a general discussion of the 
flashback portion of the stability curve. From consideration of the 
present data and the results given in reference 5 with acetylene flames, 
it may be inferred that the curve for laminar flashback has the follow- 



and may be divided into three parts as shown. The shape of thiB curve 
may be interpreted by referring to equation (l). In the B portion 
the burning velocity is assumed to have its normal value at a distance 
5 from the wall. In general, burning velocity and penetration distance 
will vary with pressure, and this will lead to a variation of g f with 

pressure. As pressure is reduced, however, the reaction rate, which 
varies with P 2 , decreases sharply while the rate of heat conduction to 
the wall remains about the same. Ihus, at some low pressure, the volu- 
metric heat-release rate becomes insufficient to maintain normal flame 
temperature^ and the burning velocity is accordingly reduced. By equa- 
tion (l), then, the flame will flash back at a lower boundary velocity 
gradient than would be expected from the normal effect" of pressure on 
burning velocity. This is what is observed in region A. Finally, a 
pressure is reached below which the flame is cooled sufficiently to be 
fully quenched. This happens at point q. 

One further point may be made with regard to flashback at low pres- 
sures. It has been assumed that the boundary velocity gradient, that 
is, the velocity gradient at the wall, is a' good approximation for the 
actual flashback velocity gradient given in equations (l) and (3) . How- 
ever, this holds true only if the burner diameter is much larger than 
the penetration distance (or, accordingly, the quenching diameter) . 

Thus, at sufficiently low pressures the actual flashback velocity gradi- 
ent will become smaller than the boundary velocity gradient defined by 
equation (7) . If, in figure 3, the actual velocity gradient were plotted 
instead of the boundary velocity gradient, the trend observed in the low- 
pressure region would be even more pronounced. 
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The existence of region C cannot be explained in any detail. In 
this region the pressure at which the flame disappeared down the tube 
appeared independent of stream velocity for a particular burner but in- 
creased with decreasing burner diameter (fig. 2). That the Reynolds 
number associated with the beginning of each constant pressure region 
had a v alu e of about 1500 suggests that laminar- turbulent transition is 
somehow involved. However, below Reynolds numbers of about 2200, the 
flames themselves appeared laminar and showed no evidence of instability 
or turbulence. 

Data shown in figure 3 which lie in region B, the region of normal 
laminar flashback, have been correlated by a relation of the form 

gf P nf (8) 

Between # = 0.95 and #=2.25 n^ takes on values between 1.27 and 
1.42. The scatter with composition is random and, therefore, ‘nf may 
be taken equal to 1.35±0.08. For # = 0.80, on the other hand, rif has 

a value of about 2. Once again, this effect cannot be explained quanti- 
tatively but may be related to the unusually high diffusivity of hydro- 
gen which, lean of stoichiometric, might drastically affect the burning 
velocity near the wall. In general, lean hydrogen-air flames are known 
to exhibit peculiar behavior (ref. 8). 

Present results are compared with the data of reference 6, which 
were obtained at 1 atmosphere; consistently lower critical boundary ve- 
locity gradients (fig. 3) are predicted in reference 6. However, be- 
cause of the large uncertain region of partial flashback reported in 
reference 6, agreement is considered satisfactory. Furthermore, in ref- 
erence 6 the curve is drawn through the ml nl mum values of the critical 
boundary velocity gradient for a given composition. Thus, the criterion 
of reference 6 for flashback was not the same as the one adopted in the 
present study. Figure 4 shows cross plots of gp against percent hy- 
drogen at various pressures; in addition, the curve of reference 6 is 
shown. It appears that a maximum occurs at about 38 percent hydrogen 
(# = 1.5), and its position is independent of pressure. 


Blowoff and General Stability Loop 

The interpretation of blowoff data is difficult because of the fact 
that conditions under which a flame will blow off depend on the nature 
of the gases circulating near the base of the flame. For flames burning 
in open air, the critical boundary velocity gradient increases continu- 
ously with increasing fuel concentration at constant pressure (ref. 9). 
For completely shielded flames, however, only inert gases or combustion 
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products may circulate at the base of the flame. In this case, if the 
-experimental conditions are sufficiently far removed from the quenching 
region, the critical boundary velocity gradient for blowoff will pass 
through a maximum at about the same concentration as for flashback at 
constant pressure (ref. 10, p. 84). The dimensions of the present ap- 
paratus are such that neither behavior is observed uniquely, and the re- 
sulting data cannot be interpreted in detail. 

It is of interest, however, to examine a complete stability loop 
which is based on both blowoff and flashback measurements. An example 
is shown in figure 5 for # = 1.50 (38 percent hydrogen) and d = 1.459. 
The general shape is similar to those reported for acetylene flames 
(ref. 5). 

The flashback portion has been discussed previously. The blowoff 
portion of the stability loop may likewise be considered in three sec- 
tions a, p, and y of figure 5. In the a portion, the blowoff veloc- 
ity increases with increasing pressure and merges into the turbulent 
region at high mass-flow rates. In the p portion, the blowoff velocity 
is independent of pressure; and, in the y region, blowoff velocity actu- 
ally decreases with increasing pressure. If, in the y region at least, 
blowoff velocity depends on flame speed and penetration distance as 
expressed in equation (l), that region may be interpreted as a quench- 
ing region. Blowoff is assumed to occur when the stream velocity near 
the wall exceeds the burning velocity at every point (ref. 1, p. 288). 
Hence, if there is sufficient heat loss to the wall to cause a lower 
burning velocity than normal, the flame will blow off at a higher pres- 
sure than It otherwise would. This explanation assumes that the nature 
of gases circulating near the flame base will not qualitatively affect 
the result. 

It has been assumed (ref. 5) that the flashback and blowoff curves 
intersect at point q in figure 5. The pressure at q would correspond 
to the pressure at which a tube 1.459 centimeters in diameter would 
quench a flame at $ = 1.50. If the pressure at q is predicted from 
the quenching- distance correlation given in reference :3, a pressure of 
6.2 centimeters Is obtained, which Is in fair agreement with the result 
obtained by estimating the pressure at which the flashback and blowoff 
curves intersect. In figure 5, this occurs at about 7.3 centimeters. 

To cause the flashback and blowoff curves to intersect Implies that 
point q defines an extinction velocity below which a flame of given 
composition and burning over a given tube cannot exist under any cir- 
cumstances. It is possible, however, that the two curves might approach 
each other at first steeply but then asymptotically, in which case point 
q would define, within very narrow limits, a pressure but would not de- 
fine a velocity. 
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The solid diamond in figure 5 shows about where on the stability 
diagram burning velocities were measured with a 1.459 -centime ter burner. 
The Reynolds number at that point was about 850. This is more than an 
order of magnitude greater than the Reynolds number at quenching. Since 
850 was the lowest Reynolds number at which burning velocity was meas- 
ured, it may be assumed that quenching effects were absent in all cases. 


Burning Velocity 

Burning velocities are plotted in figure 6. At 1 atmosphere, the 
maximum value is about 304 centimeters per second and occurs at about 
45 percent hydrogen (§ = 1.95) . This value may be compared with values 
obtained by other methods. In reference 11, a maximum value of 298 is 
reported at 40 percent hydrogen. Reference 12 gives 310 centimeters 
per second at 41 percent hydrogen. The agreement is probably satis- 
factory for the different methods being used. No shift of the maximum 
composition is observed with change of pressure. 

Burning velocities are not shown for concentrations much leaner 
than stoichiometric. Data in this region would be unreliable for two 
reasons. First, since the burning velocity peaks far into the rich re- 
gion, burning velocities in the lean region would be subject to great 
uncertainty for little -uncertainty in flow rates. Second, lean hydrogen- 
air burner flames have been observed to exhibit structure in the flame 
front so that burning velocity measured in the usual way has little mean- 
ing (ref. 8) . 

The experimental data are cross -plotted in figure 7 as functions of 
pressure at constant composition. A correlation of the form 

Ufa « P nU (9) 

was found with n^ varying randomly between 0.208 and 0.256 between 

$ = 1.10 and <3? = 1.90j its average value over that range of composi- 
tion is about 0.23. This pressure dependence is larger than the value 
of 0.09 reported in reference 12. 


Relations Among Various Combustion Properties 

The pressure exponent for quenching n^ was found to be about 

-1.11 between § = 1 and $ = 2 (ref. 3). A general test of the validity 
of equation (3), therefore, would be to examine the relation 


n _ = n - n 
f u a 


( 10 ) 
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Since, from the present investigation, n^ = 1.35 and" '=* 0.23, equa- 
tion (10) holds very well. If the value of n u = 0.09 reported in ref- 
erence 11 is used, equation (l0) does not hold as veil. On the other 
hand, the relation 


U-jjdqP = constant (ll) 

has been experimentally observed and theoretically predicted (ref. 3). 
Accor din g to equation (ll), therefore, the relation 

+ n^ + 1 = 0 (12) 

should hold. In this case, however, the value of nu reported in ref- 
erence 11 gives better agreement than the present value. 

The coefficient C, which is defined by equation" ( 2 ) , was calculated; 
the calculation was based on present data and the quenching data of 
reference 3. The value of C will depend on the geometry of the burner 
used for measuring d^. Thus, it is found that in the region of normal 

laminar flashback the relation 


(13) 

holds, where d^ represents the quenching distance between plane parallel 
plates. By reference to equation (2), then, it Is found that 

dq = 2.68 (14=) 

is in good agreement with simple quenching theory (ref. l) . 


Sf - 2.6 


2 > 


Reaction Order from Pressure Exponents 

On the basis of a thermal theory of flame propagation, the follow- 
ing equations have been derived (ref. 3): 


m n 1 , 

n u - 2 -l+ 2 ^ 


d In T 


d In P 
d In T, 


n E 
+ 


d In T 


2RT b d In P 


m l 

n q.~“2 + 2 r dlnP 


£ _ 


E 


d In T„ 


2RTq d In P 


(15) 


( 16 ) 


Q/T* 
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in which the pressure dependence of flame temperature is taken into 
account. The following assumptions have been made: 

(1) The initial mixture is stoichiometric. 

(2) The activation energy E = 23 kilocalories per mole (ref. 3). 

(3) d In 3^/d In P = d In Tg/d In P - 0.017. (17) 

(4) The coefficients r and r', which account for the temperature 
dependence of transport properties in the active flame and the quenched 
flame, respectively, are equal. 

(5) The quenching temperature T^ = 0.8 T n + 0.2 Tq (ref. 3). (18) 

Then, provided equation (3) is valid, equations (15), (17), and (18) 
may be combined to yield the expression 


rtf = m - 


E d In T^ 
2R d In P 



(19) 


With the aid of equation (17), this may be solved for the reaction 
order m to give a value of 2.25±0.Q9. This result is in good agree- 
ment with the value 2.17 obtained from quenching data (ref. 3). 


In a similar way, a reaction order may be obtained from the pres- 
sure exponent of burning velocity by use of equation (15) . The result 
is Insensitive to the value chosen for r'. Thus, a value of r' be- 
tween 0 and 2 will lead to a reaction order in the range 2.32 to 2.36. 


SUMMARY OF RESULTS 

Laminar burning velocities and stability limits were measured at 
pressures below 1 atmosphere and over a range of compositions for 
hydrogen-air burner flames . 

Laminar burning velocity for hydrogen-air flames was a maxi mum with 
about 45 percent fuel (equivalence ratio § = 1.95) over a pressure 
range from 0.2 to 1 atmosphere j at 1 atmosphere, the maximum value was 
about 304 centimeters per second. Over the given pressure range and 
<£ of about 1 to 2, the following correlation was found: 

p0 .23 

where is the average burning velocity and P is the ambient pressure. 
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For that Intermediate portion of the laminar flashback curve be- 
tween the region of partial quenching and the region corresponding to a 
Reynolds number greater than 1500, the following correlation is observed: 


gf. oc P 


1.35 


where is the critical boundary velocity gradient^ for flashback . 

This is valid between # = 0.95 and # = 2.25. A more general relation 

U 

®f = 2,6 d^ 

where d^ is the quenching distance measured between plane parallel 

plates, is observed over a range of pressures and compositions. The 
coefficient 2.6 is in reasonable agreement with a simple physical model 
for quenching. 

A global reaction order in the range from 2.2 to 2.3 has been cal- 
culated from observed pressure exponents and thermal-type equations for 
flame propagation. 


Lewis Flight Propulsion Laboratory 

National Advisory Committee for Aeronautics 
Cleveland, Ohio, August 13, 1956 
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Figure 2. - Flashback velocity as function of ambient pressure, 
alence ratio, 1.10; hydrogen, 31.5 percent. 
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(a) Equivalence ratio, 0.80; hydrogen, 25 percent; 
pressure exponent for flashback, 1.99. 

Figure 3. - Flashback velocity gradient as function 
of pressure at constant composition. 
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(b) Equivalence ratio, 0.95; hydrogen, 28.4 percent; 
pressure exponent for flashback, 1.27. 


Figure 3. - Continued. Flashback velocity gradient 
as function of pressure at constant composition. 
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(c) Equivalence ratio, 1.10; hydrogen, 31.5 percent 
pressure exponent for flashback, 1.28. 


Figure 3. - Continued. Flashback velocity gradient 
as function of pressure at constant composition. 
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(d) Equivalence ratio, 1.30; hydrogen, 35 percent; 
pressure exponent for flashback, 1.35. 

Figure 3. - Continued. Flashback velocity gradient as 
function of pressure at constant composition. 
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(e) Equivalence ratio, 1.50; hydrogen, 38.4 percent; 
pressure exponent for flashback, 1.42. 

Figure 3. - Continued. Flashback velocity gradient as 
funation of pressure at constant composition. 
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(f) Equivalence ratio, 1.80; hydrogen , 42.9 percent; pressure 
exponent for flashback, 1.40. 

Figure 3. - Continued. Flashback velocity gradient as function of 
pressure at constant composition. 
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(g) Equivalence ratio, 2.25; hydrogen, 48.5 percent; 
pressure exponent for flashback, 1.35. 

Figure 3. - Concluded. Flashback velocity gradient as 
function of pressure at constant composition. 
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Figure 4. - Flashback velocity gradient as function of composition at 
constant pressure . 
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Figure 5. - Laminar stability loop for hydrogen-air system. Equivalence ratio, 1.50; 
burner diameter, 1.459 centimeters. 
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